We calculated the seismic properties of 47 mantle xenoliths from 9 kimberlitic pipes in the Kaapvaal craton based on their modal composition, the crystal-preferred orientations (CPO) of olivine, ortho-and clinopyroxene, and garnet, the Fe content of olivine, and the pressures and temperatures at which the rocks were equilibrated. These data allow constraining the variation of seismic anisotropy and velocities within the cratonic mantle. The fastest P and S 2 wave propagation directions and the polarization of fast split shear waves (S 1 ) are always subparallel to olivine [100] axes of maximum concentration, which marks the lineation (fossil flow direction). Seismic anisotropy is higher for high olivine contents and stronger CPO. Maximum P wave azimuthal anisotropy (AV p ) ranges between 2.5 and 10.2 % and the maximum S wave polarization anisotropy (AV s ), between 2.7 and 8 %. Changes in olivine CPO symmetry result in minor variations in the seismic anisotropy patterns, mainly in the apparent isotropy directions for shear wave splitting. Seismic properties averaged over 20 km-thick depth sections are, therefore, very homogeneous. Based on these data, we predict the anisotropy that would be measured by SKS, Rayleigh (S V ) and Love (S H ) waves for five endmember orientations of the foliation and lineation. Comparison to seismic anisotropy data from the Kaapvaal shows that the coherent fast directions, but low delay times imaged by SKS studies, and the low azimuthal anisotropy with with the horizontally polarized S waves (S H ) faster than the vertically polarized S wave (S V ) measured using surface waves are best explained by homogeneously dipping (45 ) foliations and lineations in the cratonic mantle lithosphere. Laterally or vertically varying foliation and lineation orientations with a dominantly NW-SE trend might also explain the low measured anisotropies, but this model should also result in backazimuthal variability of the SKS splitting data, not reported in the seismological data. The strong compositional heterogeneity of the Kaapvaal peridotite xenoliths results in up to 3 % variation in density and in up to 2.3 % variation of V p , V s , and V p /V s ratio. Fe depletion by melt extraction increases V p and V s , but decreases the V p /V s ratio and density. Orthopyroxene enrichment due to metasomatism decreases the density and V p , strongly reducing the V p /V s ratio. Garnet enrichment, which was also attributed to metasomatism, increases the density, and in a lesser extent V p and the V p /V s ratio. Comparison of density and seismic velocity profiles calculated using the xenoliths' compositions and equilibration conditions to seismological data in the Kaapvaal highlights that (i) the thickness of the craton is underestimated in some seismic studies and reaches at least 180 km, (ii) the deep sheared peridotites represent very local modifications caused and oversampled by kimberlites, and (iii) seismological models probably underestimate the compositional heterogeneity in the Kaapvaal mantle root, which occurs at a scale much smaller than the one that may be sampled seismologically.
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Introduction
A wealth of seismological studies have investigated the structure of the Kaapvaal craton aiming at unraveling the thermal structure, the composition, and the deformation fabric of the cratonic root and at understanding the causes of its stability since Archean times, as inferred from Re-Os model ages obtained in kimberlite-born mantle xenoliths (Pearson et al., 1995) . Tomographic models and receiver function data agree on the presence of a high velocity upper mantle lid Published by Copernicus Publications on behalf of the European Geosciences Union.
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on top of a low velocity layer (Jordan, 1978; Priestley, 1999; James et al., 2001; Li and Burke, 2006; Priestley et al., 2006) . Most body and surface wave tomography models indicate that this lid is 200-250 km thick beneath the Kaapvaal craton (James et al., 2001; Chevrot and Zhao, 2007; Fishwick, 2010) . A thinner high-velocity layer, extending to depths of 150 or 180 km, was, however, imaged by other models (Sebai et al., 2006; Wang et al., 2008) . Receiver function studies mapped sharp decreases in seismic velocities at 150 and 200 km depths (Wittlinger and Farra, 2007; Savage and Silver, 2008; Hansen et al., 2009; Adams and Nyblade, 2011) .
Discriminating between these models, which point to different cratonic root thicknesses, and interpreting these geophysical data in terms of composition and temperature requires independent observations. The high seismic velocities beneath the Kaapvaal craton have indeed been alternatively attributed to thermal effects (Priestley and Tilmann, 2009) or to changes in composition (Begg et al., 2009) . Similarly, the conversion at 150 km imaged by S wave receiver functions was interpreted as produced by compositional layering, by anisotropy contrasts within the cratonic mantle (Wittlinger and Farra, 2007; Savage and Silver, 2008) or the lithosphereasthenosphere boundary beneath the craton (Hansen et al., 2009) . Small-scale variations in seismic properties within the cratonic root also may not be imaged or interpreted unambiguously. Beneath the Bushveld complex, some, but not all body wave tomography models imaged velocities lower than the average ones in the craton, which have been attributed to either more fertile compositions associated with the 2 Gaold Bushveld magmatism (James et al., 2001; Fouch et al., 2004a) or to a hotter present-day geotherm (Fouch et al., 2004a) .
The deformation of the Kaapvaal craton has also been extensively investigated by seismic anisotropy studies (Silver et al., 2001; Fouch et al., 2004a; Fouch et al., 2004b; Silver et al., 2004; Adam and Lebedev, 2012; Vinnik et al., 1995 Vinnik et al., , 2012 . Silver et al. (2001) measured fast polarization directions that consistently followed the trend of geological structures and small SKS delay times (0.62 s on average), with almost null delays in the central Kaapvaal craton. They attributed this anisotropy to fossil deformation in the mantle lithosphere. Vinnik et al. (1995) attributed the same NNE-SSW fast polarization directions to asthenospheric deformation in response to African plate motion. Significant variations of SKS delay times were measured near Kimberley, which was interpreted as the boundary between a strongly and a weakly anisotropic domain (Fouch et al., 2004b) . More recently, a Rayleigh wave azimuthal anisotropy model (Adam and Lebedev, 2012) proposed that the mantle fabric at lithospheric depths parallels the Archean-Paleoproterozoic crustal structures in the Limpopo belt and in the northern Kaapvaal, but is perpendicular to the crustal structures in the western part of the craton. Vinnik et al. (2012) , using P receiver functions and SKS waveform inversion, also observed belt-parallel, fast directions in the uppermost mantle near the Limpopo belt. They also detected a change with depth in the orientation of the fast direction; the latter aligns progressively with current plate motion at depths > 160 km. In summary, seismic anisotropy data derived from body and surface waves are mostly, but not always, consistent. Their interpretation is also not unique and may benefit from direct observations of the lithospheric mantle deformation and resulting anisotropy.
The Kaapvaal craton was affected by numerous kimberlite eruptions, mostly between the late Jurassic and the Cretaceous, but also during the Meso-Proterozoic and Paleozoic (Kramers and Smith, 1983; Allsopp et al., 1985; Phillips et al., 1998) . These magmas carried xenoliths that provide direct sampling of the lithospheric mantle beneath the craton. The seismic properties of these peridotite xenoliths can be calculated from their crystal-preferred orientation (CPO) and composition data (Mainprice and Silver, 1993; Mainprice and Humbert, 1994) . Such data constrain the possible seismic velocities and anisotropies within the Kaapvaal mantle root, as well as their dependence on the peridotites composition and crystal-preferred orientations. In the present study, we calculated the anisotropic seismic properties of 47 peridotite xenoliths from 9 kimberlite pipes, which sample different domains, depths, and ages of the Kaapvaal mantle root (Fig. 1 ). The present study represents a significant enrichment of the database of seismic properties of the Kaapvaal mantle root, as previous studies focused on either the composition-and depth-dependence of the isotropic seismic velocities (James et al., 2004) or the crystal-preferred orientation-induced anisotropy (Ben Ismaïl et al., 2001 ).
The studied data set
The 47 peridotite xenoliths used in this study come from 9 kimberlitic pipes (Kimberley, Jagersfontein, Monastery, Lentseng, De Beers, Finsch, Kamfersdam, Premier, and Mothae) from the Kaapvaal craton, with eruption ages of 1200 Ma (Premier) and 120-87 Ma (all other pipes, see Baptiste et al., 2012, for details) . These peridotites are mainly composed of olivine, orthopyroxene, clinopyroxene ±garnet. When spinel is present, it is a minor phase. Thermobarometry data indicates that the studied peridotites were equilibrated at depths ranging between 83 and 187 km on a cold cratonic geotherm (Baptiste et al., 2012) . The full description of the microstructures, crystal-preferred orientations (CPOs), and data on the water contents in olivine and pyroxenes in these xenoliths is presented in Baptiste et al. (2012) , but their main characteristics are recalled below. The modal content, texture, olivine CPO type and intensity, and equilibration P T conditions of all studied samples are summarized in Table 1 .
The studied mantle xenoliths can be separated into two textural groups: the coarse-grained, which are composed by plurimillimetric to centimetric olivine and pyroxene crystals, and the sheared peridotites a matrix of fine-grained olivine (a few to 100 µm) and, occasionally, orthopyroxene that encloses millimeter-size garnet, pyroxene, and, sometimes, olivine porphyroclasts. The coarse-grained peridotites are the dominant textural group (72 % of the studied samples), being observed at all depths and in all pipes (Fig. 1) . They display most often strongly annealed textures, but coarse-porphyroclastic microstructures are also common. The sheared peridotites are only observed in the deeper part of the sampled columns (equilibration pressures > 4.5 GPa). Their textures range from mylonitic to fluidal or mosaic-like, probably due to variable post-deformational annealing. Based on their occurrence, microstructures and thermal evolution, Baptiste et al. (2012) interpreted the coarse-grained microstructures as the typical cratonic root microstructure, resulting from an early deformation episode followed by a long quiescence time, and the sheared peridotites as recording local modifications of the cratonic microstructure just before the xenolith extraction. Their formation is probably associated with the kimberlitic activity as proposed by Green and Guegen (1974) .
Coarse-grained peridotites have in average more refractory compositions than the sheared peridotites (Table 1) .
They are mainly harzburgites, with high orthopyroxene contents (> 20 %). Sheared peridotites are mainly lherzolites, with highly variable garnet contents (0-18 %). In the studied samples, water contents in olivine and pyroxenes are very variable; maximum water contents in olivine increase up to 150 km depth, reaching up to 150 wt. ppm H 2 O (values obtained using the calibration; Baptiste et al., 2012) . In contrast, olivines from samples equilibrated at depths > 150 km are almost dry.
Methods
Seismic properties of Kaapvaal xenoliths were calculated based on the olivine, orthopyroxene, clinopyroxene, and garnet CPOs, and on the modal compositions (Mainprice, 1990) . The CPOs were measured by electron-backscattered diffraction (EBSD), producing crystal orientation maps, which covered the entire thin section (see Baptiste et al., 2012 for details on the EBSD data acquisition and treatment). Because olivine is the dominant phase in peridotites, largely determining their seismic properties, and because olivine compositions vary strongly among the studied samples (Table 1) Ol Mg#, modal content and P , T data from Baptiste et al. (2012) .
(1) Mean P wave velocity.
(2) Mean S wave velocity. AV p : V p azimuthal anisotropy; AV s : V s azimuthal anisotropy; AVS 1 : fast V s azimuthal anisotropy; AVS 2 : slow V s azimuthal anisotropy; maximum values. * Seismic properties and density were calculated by only taking into account the sample equilibrium pressure and temperature, since olivine Mg# was unknown. ** Seismic properties and density were calculated by only taking into account the mean olivine Mg# of the sample, since the equilibrium conditions were unknown.
olivine elastic tensors were recalculated to account for the actual olivine mean forsterite content or Mg# (Mg + Fe / Mg) in each sample. The elastic constants variation as a function of the olivine Mg# was calculated by linear interpolation between the single-crystal elastic constant tensors measured in laboratory for fayalite, forsterite, and olivine with Mg# of 90, 91, and 93 (Kumazawa and Anderson, 1969; Suzuki et al., 1983; Webb et al., 1989; Isaak et al., 1993; Abramson et al., 1997) . For orthopyroxene, clinopyroxene, and garnet, the single crystal elastic tensors of Chai et al. (1997a) , Collins and Brown (1998), and Chai et al. (1997b) at ambient pressure (P ) and temperature (T ) were used. Due to lack of experimental data, compositional changes could not considered for these phases. The density, the elastic constants and resulting seismic properties of each sample were calculated both at ambient pressure and temperature conditions and at its equilibration pressure and temperature. In both cases, the actual olivine Mg# is considered. To account for the effect of pressure and temperature on the seismic properties, the elastic tensors and density of olivine, pyroxenes, and garnet were recalculated for depths between 40 and 200 km (a point at every 10 km depth) using the AnisPT8 software by D. Mainprice, based on published pressure and temperature derivatives of the elastic constants for all major mineral , 1997; Chai et al., 1997a, b; Collins and Brown, 1998) and the Kaapvaal geotherm of Baptiste et al. (2012) . A Voigt-Reuss-Hill averaging was applied in all calculations. Equivalent "isotropic" seismic velocities were also estimated for each sample by averaging P and S wave velocities over all directions. Calculated seismic properties and elastic constants of all samples are summarized in Tables 1 and 2, respectively. The equilibration temperature and pressure of the samples were estimated using traditional geothermometers and geobarometers for mantle rocks, which have an uncertainty of up to ±60 C and ±0.2 GPa, respectively (see Baptiste et al. 2012 for more details). This uncertainty in the determination of the equilibration temperature and pressure results in an uncertainty in V p and V s of ±0.04 and 0.03 km s 1 , respectively. In the present study, the seismic properties as a function of depth were not calculated using the elastic tensors of the different minerals calculated at the exact equilibration depth of the samples, but at every 10 km interval along the Kaapvaal geotherm of Baptiste et al. (2012) . This simplification corresponds to a maximum pressure variation of 0.15 GPa, which is lower than the geobarometer uncertainty. It does not, by consequence, increase the uncertainty of the estimated seismic velocities. A probable additional source of uncertainty in the seismic velocities estimations at depth is the one related with the uncertainties in temperature and pressure derivatives of the elastic constants. However, the existing experimental data does not allow constraining this uncertainty. The three-dimensional distribution of seismic velocities and birefringence of S waves relative to the samples' structural reference frame are displayed on lower hemisphere stereograms. The mean seismic properties of six 20 km-thick sections between 70 and 190 km depth were calculated by averaging the olivine composition and modal contents and adding up the crystal-preferred orientations of all samples equilibrated within the corresponding depth interval. This approach results in an upper bound for the estimated anisotropy, since the CPO summation is performed considering that the structural reference frames of all samples are parallel, that is, that the orientation of the foliation and lineation is the same for all samples within each depth interval.
To analyze the relations between the olivine CPO symmetry and intensity and the seismic anisotropy, the olivine CPO symmetry was characterized using the dimensionless BA index defined as
where P and G are indexes used to characterize the shape of the distribution (P for Point and G for Girdle) of the olivine principal axes ([100] , [010] and [001] ); these indexes were calculated from the eigenvalues of the normalized orientation matrix as P = 1 3 and G = 2( 2 3), calculated using the MTEX texture analysis toolbox (Hielscher and Schaeben, 2008; Mainprice et al., 2011) . This index allows the classification of the olivine CPO into 3 types: axial [010] (BA < 0.4), orthorhombic (0.4 < BA < 0.6), and axial [100] (BA > 0.6).
The olivine CPO intensity is characterized by the dimensionless J index, which is the volume-averaged integral of the squared orientation densities defined as
where f (g) is the orientation distribution function (ODF) and dg
, and ' 2 are the Euler angles that define the rotations allowing for coincidence between the crystallographic and external reference frames. In natural peridotites, olivine CPO J indexes vary between 2 and 20, with a peak at 8-10 (Ben Ismaïl and Mainprice, 1998; Tommasi et al., 2000) . J indexes were calculated based on the mean orientation of each grain, using the SuperJctf program by D. Mainprice (ftp://www.gm.univ-montp2.fr/ mainprice//CareWare_Unicef_Programs/) with a 10 Gaussian half-width, 1 cells, and truncation of the ODF at 22 .
Results

Seismic anisotropy
Seismic anisotropy patterns for samples representative of the different microstructures and olivine CPO symmetry patterns observed among Kaapvaal xenoliths (Table 1 and Baptiste et al., 2012) are illustrated in Fig. 2 . At first order, seismic anisotropy patterns for all samples have similar characteristics, independently of the peridotite microstructure and olivine CPO symmetry. The fastest and slowest P wave and slow S wave (S 2 ) propagation directions are aligned with the olivine [100] and [010] axes maxima, respectively. The orientation of the [100] maximum also controls the direction of polarization of the fast S wave (S 1 ). Moreover, when the lineation (crystals elongation marking the structural X direction) and foliation (crystals flattening marking the plane normal to the Z structural direction) could be identified, the [100] maximum corresponds to the lineation, which marks the fossil flow direction. The fast split shear wave (S 1 ) is thus polarized in the plane containing the wave propagation direction and the fossil flow direction in the mantle lithosphere. The highest V p /V S 1 ratio is also parallel to this direction and the lowest V p /V S 1 ratio is observed for waves propagating normal to it. Changes in olivine CPO symmetry result in second order variations in the seismic anisotropy pattern. Peridotites displaying an axial [100] CPO tend to show slow P wave velocities for all directions normal to the lineation, instead of a clear V p minimum at high angle to the foliation. the lineation (X direction) and more rarely at 45 to the lineation in the XZ plane. The slowest S 1 wave propagation is always located at high angle to the foliation (parallel to the Z structural direction), while the fastest propagation is in the foliation plane, at 45 to the lineation. S 2 wave velocity is maximum close to the lineation or in the XZ plane, at ⇠ 10 to the lineation. The V p /V S 1 ratio is highest parallel to the lineation (X structural direction) and lowest at high angle to the foliation (Z structural direction). In contrast, peridotites with an axial [010] CPO show high S wave polarization anisotropy for propagations along the foliation plane and low anisotropy for S waves traveling at high angle to the foliation. The strongest S wave birefringence is usually observed for waves propagating at low angle to the lineation, but it may also be oblique to it. S 1 wave velocity is higher in the foliation plane. The fastest S 1 waves may be aligned with either the X or the Y structural directions or even at 45 to these directions. This variability in the orientation of the maximum S wave birefringence and of the fastest S 1 waves depends on the actual symmetry of the olivine CPO; samples with lower BA indexes have both maxima at low angle to the X structural direction. S 2 wave velocity is minimum along the XZ plane. The V p /V S 1 ratio tends to show high values in the foliation plane and low values at high angle to it (Z structural direction).
Peridotites with an orthorhombic CPO show patterns intermediate between the two described previously. The maximum S wave polarization anisotropy is at low angle to the Y structural direction, similarly to that observed for samples with an axial [100] CPO, but, the minimum S wave Solid Earth, 5, 1-19, 2014
www.solid-earth.net/5/1/2014/ anisotropy is in the XZ plane, at 45 to both the lineation (X structural direction) and to the foliation (Z structural direction). The S 1 wave velocity is most often the highest along the foliation plane, parallel to both X and Y structural directions, or at 45 to these axes. The slowest S 1 wave propagation is at high angle to the foliation (Z structural direction). The S 2 wave velocity is maximum parallel to the lineation or at 45 to the lineation in the XZ plane, as in the example displayed in Fig. 2 . It is minimum along the Y Z plane.
The maximum V p /V S 1 ratio is observed along the foliation plane and the minimum V p /V S 1 ratio is located close to the Z structural direction. Peridotites with bimodal olivine CPO have also intermediate patterns, with maximum S wave polarization anisotropy for propagation directions close to the Y structural direction. The minimum S wave polarization anisotropy is observed for propagation directions at 45 to the lineation in the XZ plane. In a few cases, however, the S wave polarization anisotropy is minimum at high angle to the foliation. S 1 wave velocity is the highest in the foliation plane, close to both X and Y structural directions and it is the lowest at high angle to the foliation (Z structural direction). The S 2 wave velocity is the highest along the Y Z plane. The V p /V S 1 ratio is maximum along the foliation and minimum at high angle to the foliation (Z structural direction).
Despite the weak variation in the patterns, xenoliths from the Kaapvaal craton show a wide range of seismic anisotropy intensities (Fig. 3 , Table 1 ). Maximum anisotropy values range between 2.5 and 10.2 % for P wave azimuthal anisotropy (AV p ), between 2.7 and 8 % for S wave polarization anisotropy (AV s ), between 0.8 and 6.1 % for S 1 wave propagation anisotropy (AVS 1 ), and between 0.5 and 6.4 % for S 2 wave propagation anisotropy (AV S 2 ). All anisotropies show a positive covariance with the olivine CPO strength (Fig. 3a, b) ; samples with stronger olivine CPOs are more anisotropic. Yet, this variation is not linear, as observed in previous studies (Ben Ismaïl and Mainprice, 1998) : anisotropy increases fast with increasing CPO strength up for low J indexes (4), but slow afterwards, tending to stabilize for J indexes > 8. Coarse-grained peridotites show more variable olivine CPO intensities (J indexes range between 2-11). However, their maximum seismic anisotropies are in the same range as those displayed by the sheared peridotites ( Fig. 3a, b ). These variations suggest that the modal composition has also an important effect on the seismic anisotropy of these samples.
The presence of pyroxenes and garnet is known to dilute the bulk anisotropy of the rock (Mainprice and Silver, 1993; Mainprice et al., 2000) . Samples with high modal olivine, and therefore lower pyroxene and/or garnet contents, tend to have higher maximum AV p , AVS 1 and AV S 2 . However, the dependence is weaker than the one on the olivine CPO strength (compare Fig. 3c and a). The dependence on the olivine content is even less marked for the S wave polarization anisotropy (Fig. 3d ).
There is no simple relation between the olivine CPO symmetry, characterized by the BA index, and the maximum P , S, S 1 , and S 2 wave anisotropies (Fig. 3e, f) . Samples with an olivine axial [100] CPO tend to show higher maximum P and S 2 propagation anisotropies than those with an orthorhombic CPO, which are themselves more anisotropic than those with an axial [010] CPO. The relation is less clear, however, for S wave polarization and S 1 propagation anisotropies. Moreover, this relation probably reflects more a variation in the olivine CPO intensity then a strong dependence on the olivine CPO symmetry. In the studied data set, samples with axial [100] tend to have stronger olivine CPO, but this behavior is not a general one in naturally deformed peridotites, which may also display very strong axial [010] olivine CPO patterns (e.g., Tommasi et al., 2008) .
Effect of compositional variations on the density and isotropic seismic velocities
Kaapvaal mantle xenoliths record a long and complex history. Early partial melting and extraction of high melt fractions are evidenced by the refractory compositions (olivine Mg# > 92), which are common among the coarse-grained peridotites (Table 1) . However, the large variability in modal and chemical compositions of these xenoliths implies that the craton mantle root has been subsequently modified by multiple metasomatic events. The high orthopyroxene content observed in many coarse-grained peridotites has been attributed to percolation of Si-rich fluids and/or melts (e.g., Bell et al., 2005; Wasch et al., 2009; Baptiste et al., 2012) . In many xenoliths, secondary crystallization of phlogopite, clinopyroxene and garnet point to reactions with percolating K-rich melts at high pressure (e.g., Grégoire et al., 2003; Griffin et al., 2003; Bell et al., 2005; Baptiste et al., 2012) . These metasomatic events may have also allowed for rehydration of the Kaapvaal mantle root above 150 km depth (Baptiste et al., 2012) . Finally, local high-stress deformation, which was probably shortly predated by a late metasomatic event by Krich fluids and/or melts (Wasch et al., 2009) , produced the sheared peridotites (Baptiste et al., 2012) . This compositional variability resulted in significant variations in both density and seismic velocities as illustrated in Fig. 4 , where densities and isotropic P and S wave velocities at ambient conditions are displayed as a function of the olivine Mg#, the orthopyroxene, and the garnet content of each sample. The density of Kaapvaal samples varies by up to 3 % (Fig. 4a e, i ). It decreases with increasing olivine Mg# and orthopyroxene content, but strongly increases with increasing garnet content. The linear correlation with the garnet content is particularly striking. This later effect is dominant in the sheared peridotites, where the garnet content may attain up to 18 %. P wave velocities vary by up to 2.2 % with the peridotites composition (Fig. 4b, f, j) . There is a weak positive covariance between P wave velocities and garnet content. P wave www.solid-earth.net/5/1/2014/ Solid Earth, 5, 1-19, 2014 Table 2 . Elastic constants in megabars (Mbar) calculated using Voigt-Reuss-Hill averaging and the elastic constants of enstatite (Chai et al., 1997a) , diopside (Collins and Brown, 1998) , garnet (Chai et al., 1997b) , and olivine elastic tensors recalculated to account for the actual olivine Mg# in each sample, based on the single-crystal elastic constant tensors for fayalite, forsterite, and olivine with Mg# of 90, 91 and 93 (Kumazawa and Anderson, 1969; Suzuki et al., 1983; Webb et al., 1989; Isaak et al., 1993; Abramson et al., 1997 * Seismic properties were calculated by only taking into account the sample equilibrium pressure and temperature, since olivine Mg# was unknown. ** Seismic properties were calculated by only taking into account the mean olivine Mg# of the sample, since the equilibrium conditions were unknown. 3 . Dependence of the maximum P , S 1 and S 2 wave anisotropies (AV p , AVS 1 and AV S 2 ), and of the maximum S wave polarization anisotropy (AV s ) on the olivine CPO strength (characterized by the J index), the olivine content and the BA index.
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velocities in coarse-grained peridotites also tend to increase with increasing olivine Mg# (Fig. 4b) and decreasing orthopyroxene content (Fig. 4f) , but the competing effects of olivine Mg# and orthopyroxene content results in dispersion of P wave velocities of the coarse-grained peridotites in all diagrams. In contrast, P wave velocities in sheared peridotites increase strongly with olivine Mg#, probably because the latter have lower orthopyroxene contents.
The isotropic S wave velocities of the Kaapvaal mantle xenoliths show a clear linear correlation with olivine Mg# (Fig. 4c) , varying by up to 2.4 %. This variation is consistent with previous data showing that an increase in the olivine Mg# in a dunite results in a linear increase in V s (Tommasi et al., 2004) . No clear co-variation is observed between the orthopyroxene and garnet contents and V s in neither coarsegrained nor sheared peridotites, although S wave velocities are on average higher in the coarse-grained peridotites, which have higher orthopyroxene contents ( Fig. 4g and k) .
The V p /V s ratio is also sensitive to compositional changes (Fig. 4d, h, l) , varying by up to 2.3 %. It decreases with increasing olivine Mg# and orthopyroxene content and increases with garnet content. The V p /V s ratio is very sensitive to the orthopyroxene content, as indicated by the strong linear correlation between the two parameters (Fig. 4h) Sheared peridotites have a higher and less variable V p /V s ratio than coarse-grained peridotites, probably due to their lower modal orthopyroxene.
Evolution of seismic properties and density with depth
The variations of the isotropic P and S wave velocities (V p , V s ), V p /V s ratio, and density with depth in the present Kaapvaal xenolith suite and in the one studied by James et al. (2004) are plotted in Fig. 5 . The isotropic P wave velocities calculated for the equilibration pressure and temperature and for the composition of our samples do not show a monotonic increase with depth. They are highly heterogeneous, being comprised between 8.17 and 8.36 km s 1 over the entire depth section. This result contrasts with the one from James et al. (2004) , who observed a regular increase in V p up to 180 km depth, though with some dispersion in the depth interval of 120-150 km, and a marked decrease below this depth. One may argue that the present data set does not sample well the deepest part of the root (below 180 km), but at shallower depths the peridotites analyzed in this study tend to display, on average, higher and more variable P wave velocities than those reported by James et al. (2004) . In contrast, the isotropic S wave velocities decrease and the V p /V s ratio increases almost linearly with depth, in excellent agreement with the results of James et al. (2004) for depths above 180 km. The dispersion of calculated densities and P wave velocities at a given depth tends to be higher than for V s or the V p /V s ratio, indicating a stronger dependence on the composition. Compositions, olivine CPOs, and anisotropic seismic properties of average samples (obtained by summing the CPO and averaging the compositions of all samples in a 20 km-thick depth interval) for six depths between 70 and 190 km depth are presented in Fig. 6 . With increasing depth, olivine and garnet contents increase, while the orthopyroxene content decreases. The variability of olivine Mg# increases as well, with a higher proportion of normal to Ferich olivines (Mg#90) in the deeper part of the cratonic root, and the olivine CPO patterns change from axial [100] to more orthorhombic. These variations do not result, however, in marked changes in seismic anisotropy with depth. , 20 % orthopyroxene, 10 % clinopyroxene, 5 % garnet) for both a "cratonic geotherm" as estimated by Baptiste et al. (2012) and a "normal geotherm" producing a 100 km-thick lithosphere are shown as black and gray dashed lines, respectively. The IASP91 reference model and different seismic models for southern Africa (BPI1A: Simon et al., 2002; DataX: Larson et al., 2006; H06: Hansen et al., 2009; L&B06: Li and Burke, 2006; QPM: Qiu et al., 1996; SATZ: Zhao et al., 1999) are also shown (colored lines). Uncertainties in the seismic velocity estimates due to the uncertainty in the determination of the equilibration pressure and temperature of the xenoliths are shown in (a) and (b).
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The maximum P wave anisotropy varies between 4.5 and 7.9 %. The fastest P wave propagation direction is always aligned with the olivine [100] axes maximum, that is, with the lineation. Between 70 and 110 km, P wave propagation is slow in all directions at high angle to the olivine [100] axes maximum. At greater depths, P wave propagation is the slowest parallel to the olivine [010] axes maximum.
The maximum S wave birefringence varies between 3.8 and 5.8 %. The fast split shear wave (S 1 ) is always polarized in a plane containing the propagation direction and the olivine [100] axes maximum. The maximum S wave polarization anisotropy is observed for waves propagating along the structural direction Y at all depths. The apparent isotropy direction, however, changes slightly with depth. It is always contained in the XZ plane (that is the plane that contains the lineation and the normal to the foliation), but it is very close to the lineation above 100 km depth, where axial [100] olivine CPO patterns dominate, and at 45 to the lineation in the deeper layers, where the olivine CPO has a dominantly pattern.
The propagation of S 1 waves is always fastest along the foliation plane and slowest at a high angle to it, close to the Z structural axis. However, the fastest propagation direction varies with depth. Between 70 and 90 km, it is parallel to the lineation and Y structural axis, while between 90 and 130 km, it is located at 45 to the lineation. At greater depths, S 1 wave propagation is fast in all directions within the foliation plane. In contrast, the S 2 wave propagation anisotropy does not change with depth. The fastest propagation direction of S 2 waves is always located on the XZ plane, at about 30 to the lineation, while the slowest velocities are found along the Y Z plane. Finally, the V p /V S 1 ratio is always maximum parallel to the alignment of olivine [100] axes and minimum along the Y Z plane.
Discussion
Compositional effects on isotropic seismic properties
In the studied data set, P and S wave velocities, the V p /V s ratio, and density vary with sample composition (Fig. 4) by 2.2, 2.4, 2.3, and 3 %, respectively. Melt depletion tends to decrease the density and the V p /V s ratio, but to increase V p and V s . Metasomatism may result in refertilization, that is, enrichment in pyroxenes and/or garnet, depending on the melt composition and depth. Enrichment in orthopyroxene decreases the whole rock density and P wave velocities, but increases S wave velocities and, hence, strongly reduces the V p /V s ratio. Garnet enrichment tends to strongly increase density and slightly P wave velocities and the V p /V s ratio. However, it has little effect on S wave velocities. The V p /V s ratio is more sensitive to orthopyroxene content than to the olivine Mg# or garnet content. High (⇠ 4.7 km s 1 ) and low V p /V s ratios (1.65-1.70) observed locally above the flat slab in central Chile-Argentina were indeed interpreted by Wagner et al. (2008) as due to orthopyroxene enrichment. Yet, although extremely high orthopyroxene contents (> 30 %) are observed in the Kaapvaal mantle xenoliths, such an orthopyroxene enrichment can at most produce V p /V s ratios of 1.7. These results are consistent with V p /V s ratios in mantle xenoliths from subduction environments, in which reactive percolation of Si-rich fluids produced enrichment of orthopyroxene at the expenses of olivine in the supra-slab mantle (Soustelle and Tommasi, 2010) . This led Soustelle and Tommasi (2010) to propose that the very low V p /V s ratios (1.65-1.70) observed locally in the mantle wedge do not result from Si enrichment in the mantle, but from the intrinsic anisotropy of the peridotites, representing regions in the mantle dominantly sampled by seismic waves propagating at a high angle to lineation. Analysis of the anisotropy of the V p /V s1 ratio in the Kaapvaal peridotites (Figs. 2, 6 ) corroborates this conclusion. Among the studied Kaapvaal peridotites, compositional changes result in density variations by up to 3 %, while V p , V s and the V p /V s ratio vary at most by 2.4 % (Fig. 4) . These variation ranges are slightly higher than the ⇠ 2 % density and the 1.0-1.4 % V s changes that Griffin et al. (2009) estimated to result from an increase of fertility in the mantle lithosphere by comparing data from domains where the crust has been stable since 2.5 Ga (Archons) and domains formed or modified at < 1 Ga (Tectons). They are, however, in agreement with the 2-3 % seismic velocity change due compositional variations estimated by Schutt and Lesher (2010) for the Kaapvaal mantle.
The P wave velocities calculated for the equilibration pressure and temperature of Kaapvaal xenoliths vary strongly at all depths (Fig. 5a ). Between 90 and 150 km, the total variation of P wave velocity is of ⇠ 1.2 %, but reaches up to 2.3 % when the sheared peridotites, which were equilibrated at greater depths, are considered. Such lateral heterogeneity in P wave velocity may be explained by the compositional heterogeneity of the cratonic root, as discussed above. This interpretation is corroborated by the strong variability of density at all depths (Fig. 5d) . A lower proportion of deep sheared peridotites and a stronger compositional Solid Earth, 5, 1-19, 2014 www.solid-earth.net/5/1/2014/ heterogeneity within the presently studied xenolith suite may thus explain the discrepancy between our P wave data and that of James et al. (2004) (Fig. 5a) . The 3 % decrease in S wave velocity, 3 % increase in the V p /V s ratio, and 2 % increase in density with depth observed in the present study (Fig. 5b, c, d ), are in good agreement with the results of James et al. (2004) . These variations are the result of the conjugate effects of changes in pressure, temperature, and composition within the cratonic mantle, and corroborate a higher sensitivity of S wave velocity to temperature. To discriminate between thermal and compositional effects on P and S wave velocity profiles, we calculated the seismic properties and density of a sample with a standard composition (between 40 and 70 km: 65 % olivine with Mg#90, 23 % orthopyroxene, 12 % clinopyroxene; between 70 and 200 km: 65 % olivine with Mg#90, 20 % orthopyroxene, 10 % clinopyroxene, 5 % garnet), for both the cratonic geotherm estimated by Baptiste et al. (2012) and a "normal" 100 km-thick lithosphere (Fig. 5) . The cooler cratonic geotherm results in an increase in V p and V s by up to 2.8 and 3.1 %, respectively, relative to the seismic velocities in a "normal" 100 km-thick lithosphere. This variation is smaller than the one resulting from compositional heterogeneity among the Kaapvaal xenoliths (Fig. 5) . In a 100 kmthick lithosphere, the faster increase in temperature relative to pressure results in decrease of both P and S wave velocities with depth; this trend is changed at sublithospheric depths, where the pressure effect becomes dominant, leading to an increase in seismic velocities. Within the cratonic mantle lithosphere, the slower temperature increase with depth is largely compensated by the increase in pressure, leading to almost constant P wave velocities and a slower decrease of S wave velocity with depth. The introduction of garnet at 70 km depth results in a sharp increase in both P wave and S wave velocities for both geotherms. The stronger increase in P wave velocities indicates a stronger effect of this change in mineralogical composition (crystallization of garnet at the expenses of the pyroxenes and spinel) on the P wave velocities relative to S waves. This effect is not sampled in the present data set due to the small fraction of spinel peridotites analyzed and to the refractory composition of most shallow peridotites, which did not allow crystallization of garnet (Fig. 1, Table 1 ).
The marked variations in density and S wave velocity among the deepest xenoliths (Fig. 5) , which are mainly sheared peridotites, further highlight the strong compositional control on the isotropic seismic velocities. They may be attributed to the strong variability in the garnet content and in the olivine Mg# that characterize the sheared peridotites (Fig. 4) , and that has been attributed to heterogeneous refertilization shortly preceding mylonitization and extraction by the kimberlite (Smith and Boyd, 1987; Baptiste et al., 2012) . At shallower depths, the variations in density can be attributed to the variability in orthopyroxene content and olivine Mg#.
Comparison with seismological velocity profiles and tomographic models for the Kaapvaal mantle
Comparison of the velocity profiles in Fig. 5 with onedimensional P wave velocity (V p ) profiles for the Kaapvaal highlights that most P wave models show an increase of velocity with depth between 50 and 200 km depth, consistent with James et al. (2004) data (Fig. 5a ). P wave velocities for our individual samples do not show a clear trend, due to the strong variability at all depths. However, except for the shallowest layer, which displays an average V p significantly higher than those estimated in most tomographic models, but that is only based on two samples, the average V p tends to increase slightly with depth. Between 90 and 180 km, the range of variation of V p in the studied xenoliths is consistent with most P wave tomography models, except for the SATZ model of Zhao et al. (1999) , which overestimates V p , and the global model IASP91, which as expected strongly underestimates V p in a cratonic root such as the Kaapvaal. The DataX model by Larson et al. (2006) is the model that fits the best our data, while the QPM model by Qiu et al. (1996) is the most coherent with the xenolith data of James et al. (2004) . The decrease of V p associated with the predominance of deep sheared peridotites between 180 and 200 km in the James et al. (2004) data is not fitted by any P wave tomographic model. This observation reinforces the idea that these sheared peridotites correspond to local modifications of the mantle lithosphere caused and oversampled by kimberlites. The discrepancy between 1-D seismic profiles and xenoliths' velocities is still more marked for S waves (Fig. 5b) . Most models do not fit neither our, nor the xenolith-based isotropic S wave velocity profiles of James et al. (2004) , but there is a fit with the DataX model of Larson et al. (2006) and, in to lesser extent, with the model L&B06 of Li and Burke (2006) . The QPM model of Qiu et al. (1996) and the model of Hansen et al. (2009) (H09) display a marked decrease of V s at 110-120 km that is not observed in the xenolith data. The latter implies that the cratonic root is at least 180 km thick. The gradual increase in the isotropic S wave velocities calculated based on Kaapvaal xenolith data (Fig. 5b) is also at odds with the seismic discontinuity imaged by S wave receiver functions at ⇠150 km depth (Wittlinger and Farra, 2007; Savage and Silver, 2008; Hansen et al., 2009 ). This suggests that this discontinuity has not a compositional origin.
P and S wave tomography studies reported lateral velocity perturbations of 0.5 % (James et al., 2001; Fouch et al., 2004a) , while surface wave studies imaged velocity perturbations as high as 5-7 % within the Kaapvaal cratonic root (Ritsema and van Heijst, 2000; Priestley et al., 2006; Chevrot and Zhao, 2007; Fishwick, 2010) . Priestley and Tilmann (2009) a very narrow geotherm range and suggested that lateral S wave velocity variations within the cratonic root are mainly due to compositional changes. A characteristic example of this intracratonic seismic velocity heterogeneity are the lower velocities (⇠ 0.5 % for V p and ⇠ 0.8 % for V s ) imaged below the Bushveld complex by body wave tomographies (James et al., 2001; Fouch et al., 2004a) (Fig. 1) , but not by surface wave tomographies (e.g., Priestley and Tilmann, 2009) , probably due to their poorer lateral resolution. The degree of variation of isotropic P and S wave velocities observed in the present study is higher, in particular for P waves, than any intracratonic velocity perturbation imaged by body wave tomographies. The latter may therefore be explained by compositional variations within the cratonic mantle lithosphere, such as, enrichment in Fe due to reactive melt percolation beneath the Bushveld. The present data cannot, however, explain the much higher velocity anomalies inferred from surface wave data (7-8 %). Moreover, the variations in the xenolith P wave velocity at all depths are stronger than the S wave ones, what renders the explanation of the strong velocity gradients inferred from surface waves still more difficult. Partial melting within the lithosphere is a highly improbable cause for these velocity perturbations because of the cold geotherm beneath the Kaapvaal craton. The possible role of water content changes on seismic wave velocity is more difficult to access. Jacobsen et al. (2008) demonstrated that the combined effects of 3 mol % Fe and 0.8 wt. % H 2 O reduce the olivine shear and bulk moduli. However, the effects of low water contents, similar to those measured in the Kaapvaal peridotites ( 150 wt. ppm H 2 O, Baptiste et al., 2012; Peslier et al., 2010) on olivine elastic properties are poorly constrained.
At a given depth, the calculated variation in seismic velocity is almost as strong within xenoliths derived from a single pipe or from closely spaced localities as within the entire data set. Indeed, V p and V s varies by up to 1.1 % among xenoliths from Kimberley equilibrated between a 110 and 130 km depth (Fig. 5) . V p and V s variations by up to 2.1 % are observed among Jagersfontein xenoliths equilibrated between a 150 and 170 km depth. V p and V s variations among xenoliths from closely spaced pipes (Jagersfontein, Kimberley and DeBeers, which are all within 100 km, Fig. 1 ) may reach 1.2 and 1.3 % between a 110 and 130 km depth. Such small-scale variations cannot be imaged by seismic tomography, which probably underestimates the heterogeneity of the subcratonic lithospheric mantle.
Seismic anisotropy
The changes in olivine CPO symmetry of the Kaapvaal peridotite xenoliths result in slight variations of the seismic anisotropy patterns (Fig. 2) . Analysis of the individual sample's seismic anisotropy shows strong variations at all depths (Table 1 ), but average values for different depth ranges are rather homogeneous (Fig. 6) . Maximum P and S wave average anisotropies (Fig. 6) are coherent with the values for the Kaapvaal mantle xenoliths reported by Long and Christensen (2000) , but higher than those calculated by Ben Ismaïl et al. (2001) . They are also coherent with the anisotropies calculated from Siberian xenoliths reported by Bascou et al. (2011) .
The polarization and propagation anisotropies calculated for the Kaapvaal xenoliths may be compared to seismic anisotropy data obtained using both body and surface waves, which sample the Kaapvaal mantle root in different directions and with variable vertical and lateral resolutions. SKS splitting measurements sample the mantle along a vertical direction, and have no vertical but good lateral resolution (⇠50 km at lithospheric depths), whereas surface waves sample the mantle along horizontal directions. Moreover, the analysis of surface wave data with different periods allows discriminating between the lithospheric and sublithospheric contributions to seismic anisotropy.
The fast SKS polarization, which samples vertically the Kaapvaal's lithospheric and sublithospheric mantle, and the fast Rayleigh propagation at 70-120 s periods, which sample the Kaapvaal lower lithosphere, are characterized by a NNE-SSW orientation within the western and central part of the craton, and an E-W orientation in its northern part (Silver et al., 2001; Adam and Lebedev, 2012) . This suggests that the deep mantle lithosphere beneath the Kaapvaal displays olivine CPO with consistent orientations at the length scales of tens to hundreds of kilometers.
We can therefore use the availability of both SKS splitting and surface wave anisotropy data in the Kaapvaal craton to try to determine the orientation of the foliation and of the lineation in the lithospheric mantle beneath the Kaapvaal craton. The idea is that both SKS and surface waves sample the same mantle lithosphere, which has a unique 3-D seismic anisotropy pattern, but SKS only probes the S wave polarization anisotropy in the vertical direction, while Rayleigh and Love waves travel along horizontal paths, allowing therefore to probe the S wave polarization and azimuthal anisotropies in the horizontal plane. To do so, we have estimated the anisotropy that would be measured by SKS, Rayleigh (S V ) and Love (S H ) waves for five endmember orientations of the foliation and lineation (Fig. 7) . A delicate point in this analysis is to determine whether the horizontally S H or the vertically polarized S wave S V is the fast propagating S 1 wave, but this distinction can be made by analyzing the S wave polarization anisotropy in the horizontal plane for each case. S 1 is always polarized in a plane containing the lineation. Hence, when the lineation is vertical, S 1 corresponds to S V (case 3). When it is horizontal, S 1 corresponds to S H (cases 1, 2 and 5). For a 45 dipping lineation (case 4), the fastest wave is polarized in the horizontal or in the vertical plane depending on the propagation azimuth, but the birefringence is always higher when the fastest wave is polarized in the horizontal plane, implying that when significant anisotropy can be measured S 1 is equal to S H . If the foliation is horizontal (case 1), SKS waves and S V waves will measure similar polarization and azimuthal anisotropies comprised between 1.5 and 4.5 % in the mantle lithosphere, while S H waves will detect almost no azimuthal anisotropy ( 1 %) at all depths. Because S H is faster than S V , the surface wave polarization anisotropy (epsilon) is higher than 1 at all depths. If the foliation is vertical and the lineation horizontal (case 2), SKS waves sample a highly anisotropic direction (3.5 to 5.5 %) at all depths. The S V wave propagation (2-4 %) anisotropy is, at all depths, twice as strong as that of the S H waves (1-2 %). As in case 1, the surface wave polarization anisotropy is higher than 1 at all depths. If the foliation and the lineation are vertical (case 3), the surface wave polarization anisotropy is smaller than 1, indicating that S V is always faster than S H . SKS and S V waves will measure low anisotropies, comprised between 1.0 and 2.5 %. The anisotropy measured by S H waves should be even lower (< 0.5 %). A 45 dipping foliation and lineation (case 4) should produce SKS anisotropies higher than 2 % and S V wave azimuthal anisotropy lower than 1 % between 80 and 120 km. At greater depths, SKS wave anisotropy will be lower than 1 %, while S V wave azimuthal anisotropy will vary between 1 and 2 %. The S H wave azimuthal anisotropy will always be comprised between 1.5 and 2 %. The surface wave polarization anisotropy will be strongly dependent on the propagation direction. Finally, if we consider a 45 dipping foliation and a horizontal lineation (Case 5), the SKS and S V waves should measure polarization and azimuthal anisotropies varying between 1.5 and 5 %, while S H waves will measure azimuthal anisotropies lower than 2 %. As in cases 1 and 2, the surface wave polarization anisotropy is higher than 1, indicating that S H is faster than S V at all depths.
Solid
These predictions can be compared to the anisotropy detected using SKS and surface waves (Table in Fig. 7) . Beneath the Kaapvaal craton, SKS delay times are low. Vinnik et al. (1995) a denser network near Kimberley by Fouch et al. (2004b) . If we consider a 150 km-thick homogeneous anisotropic lithospheric mantle, these delay times yield anisotropies comprised between 0.9 and 3.4 %, with an average of 1.9 %. Such low SKS anisotropies are only obtained for either a vertical or a 45 dipping foliation and lineation (cases 3 and 4 in Fig. 7) . Surface wave data consistently points to S H faster than S V in the Kaapvaal lithospheric mantle (Freybourger et al., 2001; Sergei Lebedev, personal communication) . This is consistent with receiver function data, which imaged a 160 km-thick anisotropic mantle keel with vertical slow axis (V S H > V S V ) and decreasing anisotropy with depth due to a decrease in V S H while V S V remains constant (Wittlinger and Farra, 2007) . These observations are not consistent with case 3 (Fig. 7) , since vertical lineations always result in V S H < V S V . Moreover, coherent fast SKS polarization directions like those measured by Silver et al. (2001) are not expected if the lineation is vertical (case 3). They might however be produced by a 45 dipping foliation (case 4). Surface wave azimuthal anisotropies generated for case 4 range between 0.5 and 3 %, being consistent with the low azimuthal anisotropies inferred in both global and regional surface wave models (Ekström, 2011; Adam and Lebedev, 2012) . However, case 4 produces a S H azimuthal anisotropy that is stronger than the S V one, which is not consistent with the stronger Rayleigh azimuthal anisotropy (⇠ 2 %) relative to the Love azimuthal anisotropy (⇠ 1 %) imaged beneath South Africa in the global surface wave model of Ekström (2011) , and in the recent regional anisotropic tomography model for the Kaapvaal by Adam and Lebedev (2012) . Such a relation is obtained in the cases where the lineation is horizontal (cases 1, 2, and 5 in Fig. 7 ), but too strong Rayleigh azimuthal and SKS polarization anisotropies accompany it.
Low SKS birefringence may result from vertical variations of the seismic anisotropy. Indeed, beneath the western Kaapvaal (Kimberley block), the Rayleigh wave azimuthal anisotropy shows a change of fast propagation directions from N-S in the crust to E-W in the mantle (Adam and Lebedev, 2012) . A change with depth in the orientation of the fast direction from E-W to N-S was also detected at depths > 160 km beneath the Limpopo belt by a study associating P wave receiver functions and SKS waveforms inversion (Vinnik et al., 2012) . The seismic discontinuity imaged by S wave receiver functions at ⇠150 km depth (Wittlinger and Farra, 2007; Savage and Silver, 2008; Hansen et al., 2009 ) also points to vertical variations in the deformation structure within the cratonic root, since drastic changes in composition or S wave velocities with depth are not observed in neither our data set nor in that of James et al. (2004) . Most cases presented in Fig. 7 show a decrease in anisotropy at 140 km depth, which would be consistent with the observations of Wittlinger and Farra (2007) , but the associated gradient in seismic velocities is too weak to produce a strong impedance contrast. Peslier et al. (2010) and Baptiste et al. (2012) did measure a marked decrease in OH concentrations in olivine at depths greater than 160 km. Yet the change in elastic properties produced by variations of OH contents from 150 ppm to a few ppm is probably too weak (Jacobsen et al., 2008) to explain the receiver function signal. A sharp change in the orientation of the foliation and lineation and the associated change in seismic anisotropy might produce the needed impedance contrast. It is also consistent with the anisotropic surface wave models and with the results of P receiver functions and SKS waveforms inversion, which propose change in the orientation of the fast direction at depths > 160 km (Adam and Lebedev, 2012; Vinnik et al., 2012) . However, such a vertical variation in seismic anisotropy should produce a backazimuthal dependence of the shear wave splitting, which was not described in the regional studies (Silver et al., 2001; Fouch et al., 2004a; Silver et al., 2004; Vinnik et al., 1995) .
In conclusion, no simple model may account for all seismic anisotropy data in the Kaapvaal. The two models that best explain the observations are (i) the presence of dipping foliations and lineations within the cratonic lithosphere, at ca. 160 km depth and (ii) a vertical variation in seismic anisotropy within the Kaapvaal mantle lithosphere, with dominant horizontal frozen flow directions in the shallower layer. In the second case, we may speculate that it might represent an interface marking a change in the geodynamical process responsible for the formation and thickening of the mantle root. A possible geodynamic scenario allowing for the development of 45 dipping foliations and lineations within the cratonic lithosphere would be the formation of the Kaapvaal craton keel by subduction stacking, as suggested by several geochemical and petrological studies (Shirey et al., 2001; Simon et al., 2007; Pearson and Wittig, 2008) . However, in this case, fast SKS polarization directions normal to the main sutures should be expected, rather than the parallel to slightly oblique directions measured in the Kaapvaal craton (Silver et al., 2001) . These predictions are also at odds with the parallelism between fast Rayleigh wave propagation directions and the Archean-Paleoproterozoic crustal structures in the Limpopo belt and in the northern Kaapvaal, but they may explain the fast Rayleigh wave propagation directions perpendicular to the crustal structures in the western part of the craton (Adam and Lebedev, 2012) . On the other hand, if the cratonic root formed by episodic injection of small (100-200 km) diapiric upwellings (de Smet et al., 1998 (de Smet et al., , 1999 , a horizontal foliation and variable flow direction are to be expected across the craton. Such a variability of the structure within the root may explain the low SKS delay times measured in the craton, but would fail to explain the coherent fast polarization direction of SKS waves and fast propagation direction of Rayleigh waves over length scales of several hundreds of kilometers in the Kaapvaal mantle lithosphere (Silver et al., 2001; Adam and Lebedev, 2012) . , 5, 1-19, 2014 www.solid-earth.net/5/1/2014/
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Conclusions
The strong compositional heterogeneity of the Kaapvaal peridotite xenoliths results in up to 3 % variation in density, while V p , V s and the V p /V s ratio vary by up to 2.3 %. These variations are slightly higher than the velocity perturbations imaged by body wave tomography, but cannot explain the strong velocity anomalies reported by surface wave studies. Melt depletion tends to increase V p and V s and to decrease the V p /V s ratio and density. Orthopyroxene enrichment decreases the density and V p , and strongly reduces the V p /V s ratio. Enrichment in garnet tends to increase the density strongly and slightly V p and the V p /V s ratio, but has little to no effect on V s . The V p /V s ratio is more sensitive to the orthopyroxene content than to olivine Mg# and garnet content. The present data also highlights that compositional heterogeneity in the Kaapvaal mantle root occurs at a scale much smaller than the one that may be sampled by seismic tomography, since at a given depth, the calculated variation in seismic velocity within xenoliths derived from a single pipe or from closely spaced localities is almost as strong as within the entire data set. Seismic tomography thus probably strongly underestimates the heterogeneity of the subcratonic lithospheric mantle. Vertical density and seismic velocity profiles calculated using the xenoliths' compositions and equilibration conditions show that V s decreases, whereas the V p /V s ratio and density increase with increasing depth. V p does not show a clear trend; it is highly variable at all depths. Comparison of these xenolith-based seismic profiles with 1-D velocity profiles derived from seismological data in the Kaapvaal highlights clear discrepancies between seismological and xenolith-based data. For P waves, the DataX model by Larson et al. (2006) fits our data the best, while the QPM model by Qiu et al. (1996) is the most coherent with data of James et al. (2004) . For S waves, most models, except for the DataX model of Larson et al. (2006) and, in a lesser extent, the model L&B06 of Li and Burke (2006) , do not fit neither our, nor data of James et al. (2004) , which imply that the cratonic root is at least 180 km thick. No seismological velocity model fits the decrease of V p indicated by deep sheared peridotites between 180 and 200 km, reinforcing the idea that they represent very local modifications of the lithosphere caused and oversampled by kimberlites.
Changes in olivine CPO symmetry of the Kaapvaal peridotite xenoliths result only in slight variation of the seismic anisotropy patterns. Seismic anisotropy increase with the olivine J index and olivine content, but there is no simple relation with the olivine CPO symmetry (BA index). Maximum anisotropy values range between 2.5 and 10.2 % for P wave azimuthal anisotropy (AV p ) and between 2.7 and 8 % for S wave polarization anisotropy (AV s ) in agreement with existing xenolith data. The maximum P wave anisotropy of each 20 km interval varies between 4.5 and 7.9 %, whereas S wave anisotropy is comprised between 3.7 and 5.8 %. Models considering endmember orientations of the foliation and lineation in the subcratonic mantle lithosphere show that the simplest model that might produce both coherent fast directions over large domains, but low delay times imaged by SKS studies, and the low azimuthal surface wave anisotropy with S H faster than S V in the subcratonic mantle lithosphere is the presence of 45 dipping foliations and lineations. Yet, this model fails to account for the relative importance of the Rayleigh and Love azimuthal anisotropies. This observation and the discontinuity observed at ca. 160 km depth by receiver functions are best explained by a vertical variation in seismic anisotropy, due to a sharp change in orientation of the frozen deformation structures in the Kaapvaal mantle lithosphere. However, this scenario is at odds with the observation of coherent fast polarization direction of SKS waves and fast propagation direction of Rayleigh waves over scales of several hundreds of kilometers in the Kaapvaal mantle lithosphere (Silver et al., 2001; Adam and Lebedev, 2012) .
